Abstract: The anticipated availability of dicamba-resistant crops will increase the potential for crop injury to nondicamba-resistant soybean due to dicamba spray tank contamination. A total of eight field trials were conducted at various locations in Ontario, Canada during 2012-2014 to determine the response of non-dicamba-resistant soybean to dicamba spray tank contamination at 0, 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 applied postemergence (POST) at the V2-3 (2-3 trifoliate) or R1 (1st flower) stage. At one week after treatment (WAT), dicamba applied at 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 at V2-3 caused 12, 18, 25, 31, 43, 53, and 66% visible injury in soybean, respectively. Injury increased at 2 and 4 WAT and decreased by 8 WAT with 68% visible injury observed at the highest dose. Dicamba applied at R1 caused 23, 28, 36, 40, 48, 61, and 73% visible injury in soybean at 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 , respectively. The predicted dose of dicamba to reduce soybean seed yield 1, 5, 10, 20 or 50% was 1.1, 5.8, 11.8, 25.2, and >60 g a.e. ha −1 when applied at V2-3 and <0.75, 1.0, 2.0, 4.3, and 11.5 g a.e. ha −1 when applied at R1, respectively. Results show that dicamba spray tank contamination of as little as 0.75 g a.e. ha −1 can cause significant crop injury in non-dicamba-resistant soybean when applied during the vegetative or reproductive stages.
Introduction
Herbicide-resistant crops provide producers in Eastern Canada with additional efficacious, cost effective, and environmentally acceptable weed management options for crop production (Sikkema and Soltani 2007) . In recent years, seed companies have developed crop hybrids/ cultivars that have multiple herbicide resistant traits to combat the increased incidence of weed resistance (Vink et al. 2012) . The availability of multiple herbicide resistant traits will enable crop producers to integrate new weed management strategies to effectively control troublesome weeds including glyphosate-resistant weeds in their fields while preserving the utility of glyphosate resistant crops (Green and Castle 2010; Vink et al. 2012) . Roundup Ready 2 Xtend® (dicamba and glyphosate resistant) soybean (Glycine max. L. Merr.) is expected to be available to crop producers in Canada in the near future. Dicamba, a benzoic acid herbicide, has been used globally for the control of most troublesome broadleaf weeds for over 40 years (Behrens et al. 2007 ). Dicamba, similar to the other endogenous auxin mimicking herbicides, affects cell wall plasticity and nucleic acid metabolism (Shaner 2014) . Injury symptoms with dicamba included chlorosis of young terminal leaves, leaf cupping, epinasty (curling of stems and petioles), swollen petiole bases, growth reduction, wilting and necrosis (Griffin et al. 2013; OMAFRA 2014; Shaner 2014) . In studies conducted in Ontario, dicamba provided excellent control of glyphosate resistant weeds such as giant ragweed (Ambrosia trifida L.), and Canada fleabane (Conyza canadensis (L.) Cronq.) in soybean (Byker et al. 2013; Vink et al. 2012) .
With the anticipated introduction of dicamba-resistant soybean cultivars, it is inevitable that there will be cases of dicamba tank contamination on non-dicambaresistant cultivars, which can lead to crop injury and yield loss (Olszyk et al. 2015) . Yield losses of greater than 18% have been reported due to 1% tank contamination with dicamba in soybean (Derksen 1989; Griffin et al. 2013) . Robinson et al. (2013) found 10% or more yield loss in soybean when exposed to dicamba applied at 22.7 g a.e. ha −1 . Other researchers have found as much as 85% yield re-duction in soybean with dicamba applied at 41 g a.e. ha −1 (Johnson et al. 2012) . Soybean can be more vulnerable to dicamba injury when applied during the reproductive stage. Griffin et al. (2013) reported that soybean at R1 is 2.5 times more sensitive to dicamba exposure than at V2-3. There is little information on the sensitivity of glyphosate resistant soybean to dicamba spray tank contamination during the vegetative and reproductive stages under environmental conditions in Ontario. Furthermore, all previous studies have focused on the effect of dicamba on soybean injury and yield loss with no glyphosate in the tank. The reality is that almost all glyphosate resistant soybean producers will use glyphosate for weed control. This study is unique in that it will evaluate the effect of dicamba contamination plus the field rate of glyphosate in non-dicamba-resistant soybean. Determining the effect of the field rate of glyphosate plus dicamba tank contamination on non-resistant cultivars will help educate soybean growers and custom pesticide applicators on the potential injury and associated yield loss that is critical for profitable soybean production.
The objective of this research was to evaluate the response of glyphosate-resistant soybean cultivars during the vegetative and reproductive stages to glyphosate plus dicamba spray tank contamination at 0, 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 , representing 0.125, 0.25, 0.5, 1, 2.5, 5, and 10% of the field use rate of dicamba, respectively.
Materials and Methods
Two field trials were conducted in 2012 to 2014 at the University of Guelph Ridgetown Campus in Ridgetown, Ontario, and one trial was conducted in 2013 and 2014 at the Agriculture and Agri-Food Canada Research Station in Harrow, Ontario. Seedbed preparation at all sites consisted of fall moldboard plowing followed by two passes with a field cultivator with rolling basket harrows in the spring.
Field trials were established as a randomized complete block design with four replications. Treatments included glyphosate (1800 g a.e. ha All plots including the nontreated control were kept weed free by hand weeding as required. Soybean injury was visually estimated on a scale of 0 (no injury) to 100% (complete plant death) at 1, 2, 4, and 8 weeks after the corresponding treatment application (WAT). At harvest, soybean was harvested with a small plot combine and seed moisture content and seed yield were recorded. Final yields were adjusted to 13.0% seed moisture content. Soybean pods per plant, seeds per pod, seeds per plant, and 100 seed weight were determined for one experiment at Ridgetown in each year, for a total of three experiments.
Data were analyzed using non linear regression (PROC NLIN) in SAS 9.2 (2008). Soybean pods per plant, seeds per plant, and yield were converted to a percent of the nontreated control prior to analysis. A reduction in soybean pods per plant and soybean seeds per plant over herbicide dose was performed using the log-logistic model described by Harmsen (2000) .
where Y is the response (e.g. soybean seeds per plant), A is the upper limit, D is the lower limit, B is the slope of the line, and X is the herbicide dose. Yield was regressed using:
where f is the lower asymptote, g is the magnitude of the response, and h is the slope of the response. Regression equations were used to calculate predicted dicamba tank contamination doses (g a.e. ha −1 ) that would result in a 1, 5, 10, 20 or 50% reduction in percent pods per plant, seeds per plant and seed yield at V2-3 and R1 compared to the weed free control. If any dicamba tank contamination dose was predicted to be higher than 60 g a.e. ha -1 or lower than 0.75 g a.e. ha -1 , it was simply expressed as ">60" or "<0.75" respectively as it would be improper to extrapolate outside the range of doses evaluated in these experiments.
Results and Discussion

Crop injury
Injury symptoms with dicamba included chlorosis of young terminal leaves, leaf cupping, epinasty (curling of stems and petioles), growth reduction, and necrosis. When dicamba was applied at V2-3, there was an increase in visible injury as the dose of dicamba was increased (Table 1) . At 1 WAT, there was 12, 18, 25, 31, 43, 53, and 66% soybean injury when dicamba was applied at 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha -1 . Soybean injury increased at 2 and 4 WAT and decreased by 8 WAT with 68% visible injury observed at the highest dose of dicamba (60 g a.e. ha
−1
). In other studies, Griffin et al. (2013) found as much as 20-89% visible injury at 1 WAT and 39-97% visible injury at 2 WAT with dicamba applied at 4.4-280 g a.e. ha −1 to V2-3 glyphosate-resistant soybean. Al-Khatib and Peterson (1999) found 12-66% visible injury at 1 WAT and 30-92% visible injury at 2 WAT with dicamba applied at 5.6-187 g a.e. ha −1 to V2-3 soybean. Johnson et al. (2012) found 8-21% visible injury at 1 WAT with dicamba applied at 3 g a.e. ha −1 , and 37-80% visible injury with dicamba applied at 41 g a.e. ha −1 to 20-30 cm soybean. Andersen et al. (2004) reported as much as 40% visible injury at 1 WAT with dicamba applied at 5.6 g a.e. ha −1 and 80% visible injury with dicamba applied at 56 g a.e. ha −1 to V2-3 soybean.
When dicamba was applied at R1, there was an increase in visible injury as the dose of dicamba was increased (Table 1) . At 1 WAT, there was 12, 10, 14, 17, 24, 35, and 46% visible injury when dicamba was applied at 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 , respectively. Injury Table 1 . Estimate of visible injury in non-dicamba-resistant soybean with dicamba tank contamination at various doses when applied at V2-3 and R1 at 1, 2, 4, and 8 WAT.
Estimate of visible injury (%)
Dicamba V2-3, 2-3 trifoliate leaf stage; R1, 1st flower stage. a Regression parameters (Eq. 1: a is the upper limit, d is the lower limit, b is the slope of the line); (Eq. 2: f is the lower asymptote, g is the magnitude of the response, and h is the slope of the response. b RD1, RD5, RD10, RD20, and RD50 are the predicted doses to result in 1, 5, 10, 20, and 50% reduction in pods per plant, seeds per plant or soybean yield, respectively. increased over time and by 8 WAT there was 23, 28, 36, 40, 48, 61 , and 73% visible injury in soybean with dicamba applied at 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 , respectively. In other studies, Griffin et al. (2013) found 19-64% visible injury at 1 WAT with dicamba applied at 1.1-70 g a.e. ha −1 at R1 in glyphosate resistant soybean.
Soybean pods per plant and seeds per plant
Seeds per pod and 100 seed weights did not differ from the nontreated control for all treatments and therefore no regressions were performed. The predicted dose of dicamba to reduce soybean pods per plant 1, 5, 10, 20, or 50% compared to the nontreated control was <0. 75, 6.8, 21.3, >60, and >60 g a.e. ha −1 when applied at V2-3 and 1.2, 4.1, 7.7, 14.5, and 42.7 g a.e. ha −1 when applied at R1, respectively (Table 2 ). Soybean pods per plant decreased as the dicamba dose increased (Fig. 1a) . The predicted dose of dicamba to reduce soybean seeds per plant 1, 5, 10, 20, or 50% compared to the non-treated control was <0. 75, 3.2, 10.6, 36.4 , and >60 g a.e. ha −1 when applied at V2-3 and <0.75, 1.5, 3.2, 6.9, and 26.0 g a.e. ha −1 when applied at R1, respectively (Table 2) . Soybean seeds per plant decreased as the dicamba dose increased (Fig. 1b) .
Yield
The predicted dose of dicamba to reduce soybean seed yield 1, 5, 10, 20, or 50% compared to the nontreated control was 1. 1, 5.8, 11.8, 25 .2, and >60 g a.e. ha −1 when applied at V2-3 and <0.75, 1.0, 2.0, 4.3, and 11.5 g a.e. ha −1 when applied at R1, respectively (Table 2 ). Soybean yield decreased as the dicamba dose increased (Fig. 1c) . In other studies, Griffin et al. (2013) found that dicamba applied at 4.4 and 17.5 g a.e. ha −1 caused 4 and 10% yield reduction at V2-3 and 15 and 36% yield reduction when applied at R1, respectively. Similarly, Auch and Arnold (1978) found that dicamba applied at 11 g a.e. ha −1 caused 8% yield reduction at V2-3and 9% yield reduction when applied during bloom to soybean. Johnson et al. (2012) reported 1-20% yield reduction with dicamba applied at 3 g a.e. ha −1 and 13-85% yield reduction with dicamba applied at 41 g a.e. ha This study concludes that dicamba spray tank contamination at 0, 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 representing 0.125, 0.25, 0.5, 1, 2.5, 5, and 10% of the field use rate of dicamba respectively applied POST at V2-3 or R1can cause significant injury and reduce pods per plant, seeds per plant and yield in non-dicamba-resistant soybean. Dicamba spray tank contamination at 0, 0.75, 1.5, 3, 6, 15, 30, and 60 g a.e. ha −1 caused greater injury and greater reduction in pods per plant, seeds per plant and yield when applied at R1 than V2-3 in nondicamba- resistant soybean. Based on these results, dicamba spray tank contamination of as little as 0.125% of the field use rate can cause significant crop injury in glyphosateresistant soybean when applied during vegetative or reproductive stages. The accentuated injury observed in this study may be due to the surfactant in glyphosate (1800 g a.e. ha −1 ), which is the most widely used herbicide in glyphosate-resistant soybean. Care must be taken to thoroughly clean dicamba out of the spray tank before use in non-dicamba-resistant soybean to avoid crop injury and yield loss.
